ABSTRACT: Carcinoembryonic antigen (CEA)-targeted imaging and therapeutic agents are being tested in clinical trials. If CEA overexpression in malignant tissue corresponds with elevated serum CEA, serum CEA could assist in selecting patients who may benefit from CEA-targeted agents. This study aims to assess the relationship between serum CEA and CEA expression in pancreatic (n = 20) and rectal cancer tissues (n = 35) using histopathology. According to local laboratory standards, a serum CEA >3 ng/mL was considered elevated. In pancreatic cancer patients a significant correlation between serum CEA and percentage of CEA-expressing tumor cells was observed (P = .04, ρ = .47). All 6 patients with homogeneous CEA expression in the tumor had a serum CEA >3 ng/mL. Most rectal cancer tissues (32/35) showed homogeneous CEA expression, independent of serum CEA levels. This study suggests that selection of pancreatic cancer patients for CEA-targeted agents via serum CEA appears adequate. For selection of rectal cancer patients, serum CEA levels are not informative.
Introduction
Carcinoembryonic antigen (CEA) is a glycoprotein produced by gastrointestinal tissue under control of the cell adhesion molecule 5 (CEACAM5) gene. 1 CEA is anchored on the cell membrane via glycosylphosphatidylinositol, which makes it vulnerable for shedding into the lumen, where it is cleared via the feces. In many cancer types, including pancreatic ductal adenocarcinoma (PDAC) and (colo)rectal cancer (CRC), CEA is found to be overexpressed, playing a role in cell recognition, adhesion, angiogenesis, and tumor suppression. [2] [3] [4] A substantial part of CEA, shedded from tumor cells, derives into the bloodstream, and enhanced serum CEA is therefore used as sensitive biomarker indicating growth or recurrence of CRC. 5 Since the recognition of serum CEA as a valuable cancer biomarker, multiple CEA-targeted agents have been developed. Therapeutic antibodies directed towards CEAoverexpressing tumors are currently tested in various phase I-III trials, 6, 7 but also anti-CEA-based radioimmunotherapy and CEA-targeted vaccines are investigated. 8, 9 In addition to the rapidly expanding field of CEA-targeted anticancer therapeutics, several imaging agents have become available for clinical testing. These agents can be labeled with radioisotopes for positron emission tomography or single-photon emission computed tomography imaging, 10, 11 with near-infrared (NIR) fluorescent dyes, 12, 13 or they can provide both molecular imaging and targeted therapy of CEA-expressing tumors. 14 Especially in early phase clinical trials investigating CEAtargeted tumor imaging, it would be beneficial to identify patients with homogeneous CEA overexpression in the tumor prior to inclusion. For example, patient selection is pivotal in the recently initiated phase I study (Netherlands Trial Register ID: 5673) assessing the safety and feasibility of SGM-101, a monoclonal CEA-targeted antibody conjugated to a NIR fluorescent dye, utilized for intraoperative detection of PDAC and CRC. Selecting eligible patients with PDAC and rectal cancer for CEA-targeted applications might be feasible using serum CEA levels. Since CEA expression on normal epithelium is confined to the apical surface of polarized cells, 2 it can be hypothesized that CEA in serum of cancer patients originates mostly from shedding by CEA-overexpressing malignant cells that lose their polarity. The aim of this study was to investigate if elevated serum CEA levels can predict overexpression of CEA on pancreatic and rectal cancer tissue. 
Methods

Immunohistochemistry
Immunohistochemical staining for CEA was performed on FFPE tissue. Tissue samples were stained using a monoclonal mouse antibody against CEACAM5 (clone number CI-P83-1; Santa Cruz Biotechnology). Validation of the staining protocol was performed using human colon cancer tissue as a positive control. Sections (thickness: 4 µm) were cut from paraffin blocks and mounted on adhesive slides (Starfrost). Slides were deparaffinized using xylene and rehydrated in decreasing concentrations of ethanol. Subsequently, slides were rinsed with distilled water, and endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide (Merck Millipore) for 20 minutes. Antigen retrieval was performed in DAKO PT Link with target retrieval solution pH 6.0 at 95°C for 10 minutes. After rinsing with phosphate-buffered saline (PBS) the primary antibody was incubated overnight at room temperature and afterwards rinsed with PBS. Incubation of the secondary antibody (Envision anti-mouse HRP; Dako) was performed for 30 minutes at room temperature, followed by rinsing with PBS. Antibody binding was then visualized using 3,3′-diaminobenzidine (DAKO). Sections were counterstained with hematoxylin (Klinipath), rinsed in tap water, dehydrated, and mounted with Pertex. All slides were scanned using the Philips Ultra Fast Scanner 1.6 RA.
Scoring system
CEA expression in cancer tissue was determined by immunohistochemical staining (brown) and scored for staining intensity (0: none, 1: weak, 2: moderate, 3: strong) and the fraction of positive tumor cells (1: <10%, 2: 10%-50%, 3: 50%-80%, 4 > 80%). Homogeneity was defined when >80% of tumor cells stained positive for CEA (=score 4). All tissue specimens were scored by 2 independent observers (A.F.S. and L.S.F.B.); disagreements were resolved by consensus after reviewing the relevant slides.
Statistical analysis
Statistical analysis was performed using SPSS version 23.0 software (SPSS, IBM Corporation). The concordance of serum CEA and CEA expression on tumor tissue and of pathological T (pT) stage and serum CEA was assessed using Spearmans' test, defined as the correlation coefficient. The correlation between groups, based on an elevated or normal level of serum CEA and between smokers and nonsmokers, was calculated using the Mann-Whitney U test. A χ 2 test was used to compare homogeneity in PDAC tissues. In all tests, results were considered statistically significant at the level of P < .05.
Results
Patient and tumor characteristics
Patient and tumor characteristics are summarized in Table 1 . In the pancreatic cancer cohort, 3 patients participated in the PREOPANC study protocol; 2 of them received preoperative chemoradiotherapy (CRT). 15 In the rectal cancer cohort, 8 patients participated in the RAPIDO study protocol. 16 All serum CEA measurements were performed prior to the start of CRT. Median preoperative serum CEA of smoking patients with PDAC was 3.8 (range: 1.2-6.9), compared with 3.7 (range: 0.6-23.8) for non-smokers (P = .50). For rectal cancer patients, median preoperative serum CEA of smoking patients was 2.9 (range: 1.0-16.9), compared with 2.7 for non-smokers (range: 1.3-9.9; P = .68). No significant correlation was found between pT stage and preoperative serum CEA (P = .61, ρ = .09 for PDAC patients and P = .95, ρ = .02 for rectal cancer patients).
CEA expression and correlation to serum CEA level PDAC cohort. The majority of tumors showed a heterogeneous CEA expression pattern, whereas only 6 of 20 tumors showed homogeneous CEA expression (>80%). CEA expression was mostly seen on the luminal surface of neoplastic glands and necrotic tissue; low levels of immunoreactivity were seen in the stromal tissue, while normal acini did not express CEA (Figure 1) . A significant correlation was found between preoperative serum CEA levels and percentage of CEA-expressing tumor cells (P = .04, ρ = .47). This could not be shown for intensity of the staining (P = .21, ρ = .29). 15/20 tissues showed >50% CEA-expressing tumor cells and 16 of 20 tissues showed a high intensity of CEA expression (Table 2) . When dividing the patients in groups of normal (n = 6) and elevated serum CEA (n = 14), no significant correlation between groups and percentage and intensity of stained tumor cells was found (P = .15 and P = .34, respectively). However, all patients with tumors showing homogeneous CEA expression (n = 6) had elevated serum CEA levels (χ 2 = 5.06, P = .03).
Rectal cancer cohort. Almost all tumors (32/35, 91%) showed homogeneous CEA expression. CEA expression was found on luminal sides of malignant cells and in the majority of tumors, circumferential CEA staining was shown. Normal epithelium showed low levels of CEA immunostaining, which was far less than the CEA expression in cancer cells (Figure 2) . No significant correlation was found between preoperative serum CEA 3 and percentage and intensity of CEA-expressing tumor cells (P = .58, ρ = .10 and P = .17, ρ = .24 respectively). When dividing patients in groups of normal (n = 20) and elevated serum CEA (n = 15), again no significant correlation between groups and the percentage and intensity of CEA-expressing tumor cells was found (Table 2 ).
Discussion
This study shows a significant correlation between serum CEA and the percentage of CEA-expressing tumor cells in PDAC tissue. Moreover, serum CEA levels were elevated in all PDAC patients with homogeneous CEA expression in the tumor (>3 ng/mL, χ 2 = 5.06, P = .03). These results suggest therefore that especially patients with elevated serum CEA levels could benefit from CEA-targeted agents. Importantly, normal acini did not show any expression of CEA. Personalized oncological care, to ensure that cancer patients benefit from targeted imaging and therapeutics, is already performed for other targets. For example, HER2-targeted drugs (i.e., trastuzumab) are recommended when >30% of tumor cells show a complete, circumferential and intense membrane staining. 17 PDAC patient selection is justified as not all tissues express CEA. In this study, only 6 of 20 tissues showed homogeneous CEA expression and 15 of 20 tissues showed expression in >50% of neoplastic pancreatic cells. Previous studies reported CEA expression in approximately 60% to 75% of PDAC tissues. 3, 18 Serum CEA measurements were performed using the Elecsys CEA assay (Roche Diagnostics), which is previously described to be specific for CEACAM5 as well as for NCA-2, the nonspecific cross reacting antigen-2. 19 NCA-2 is a truncated form of CEACAM5 with identical amino acid sequence, and therefore CEACAM5 was used as Several other CEACAM molecules have been previously described, each with a slightly different function. 21, 22 Gebauer et al 3 investigated CEACAM1, CEACAM5, and CEACAM6 as suitable biomarkers for PDAC in a tissue microarray (TMA; n = 252). No significant correlation between elevated serum levels, eg, >4.7 ng/ mL, and tissue expression of one of these CEACAM subtypes could be shown. Yet, a significant correlation between CEACAM5 and CEACAM6 tissue expression and decreased overall and disease-free survival was demonstrated. The partly different results compared with this study might be attributable to varying cut-off values for defining elevated serum CEA or differences in the staining or scoring protocol. Importantly, no correlation between serum CEA and homogeneity of CEA expression in PDAC tissues could be studied in this TMA study. No strict threshold of CEA tissue expression to ensure optimal applicability of CEA-targeted imaging or therapeutic agents has yet been defined. However, patients with homogeneous CEA expression are expected to benefit most from those agents.
In contrast to PDAC patients, no significant correlation between serum CEA and CEA tissue expression was found in the rectal cancer cohort. A possible cause for this finding might be the difference in vasculature and permeability of the two tumor types. Rectal tumors are generally wellvascularized and show a relatively good response to chemo(radio)therapy (CRT). 23 PDAC shows poor blood supply and high amounts of stroma, possibly explaining the disappointing response to chemotherapy and the low 5-year survival rates of less than 5%. 24 It can be hypothesized that CEA derived from rectal tumors accesses the bloodstream easier than CEA from PDAC, leading to higher CEA serum levels. However, no significant correlation between preoperative serum CEA and pT stage of tumors was found in this study. Previous reports have indicated that several other factors, including tumor necrosis, smoking, benign liver disease, and the location of the CEA receptor on the cell membrane could also affect serum CEA levels. 25, 26 Park et al 27 showed that CEA serum concentrations were significantly higher in patients with CEA-positive tumors than CEA-negative tumors, but this correlation could not be reproduced in other studies. [28] [29] [30] It is nowadays accepted that rectal and colon cancer should be categorized as two different types of malignancies and treated differently. This study differs from others as only patients with rectal cancer were included. Nearly all tissues showed an intense and homogeneous expression compared with low expression on normal epithelium, independently of the neoadjuvant therapy given nor the preoperative serum CEA level. Although a relatively low number of patients with rectal cancer were included, serum CEA levels, assessed prior to the start of preoperative CRT, are concordant with literature. 31 Thus, all the patients with rectal cancer, independent of their serum CEA level, might benefit from CEAtargeted agents.
A limitation of this small, retrospective study is that different intervals elapsed between measurement of the CEA serum concentrations and resection. Over-or underrating serum CEA levels, as a consequence of the timing of CEA measurement, could have influenced the outcome of the study. Moreover, it is possible that selection bias has occurred because not all serum CEA levels were measured in all subsequent patients between 2013 and 2016. Both of these issues could be avoided by designing a prospective study in which serum CEA is measured directly prior to surgery. In addition, the effect of neoadjuvant therapy on serum CEA level and CEA expression on rectal and pancreatic cancer tissues should be studied further.
In conclusion, a significant correlation between serum CEA levels and percentage of CEA-expressing tumor cells in PDAC tissue was shown. PDAC patients that might benefit from CEA-targeted imaging or therapeutic agents can adequately be selected using serum CEA levels (>3 ng/mL). This finding can be used in the process of personalized cancer care. Selection based on serum CEA levels seems not useful in patients with rectal cancer, as almost all show an intense, homogeneous CEA expression. 
